Pseudomonas syringae Lz4W RecBCD enzyme, RecBCD Ps , is a trimeric protein complex 28 comprised of RecC, RecB, and RecD subunits. RecBCD enzyme is essential for P. syringae 29 growth at low temperature, and it protects cells from low temperature induced replication arrest.
INTRODUCTION

51
The RecBCD enzyme-mediated homologous recombination is a DNA repair pathway that 52 ensures genome integrity by faithful repair of broken DNA in E. coli and many Gram-negative ( Fig. 4A ). However, under excess magnesium reaction condition (2 mM ATP, 6 mM Mg ++ ) the 167 DNA degradation activity of RecBCD Ps enzyme was observed at both 22°C and 4°C (Fig. 4B ).
168
We calculated the rate of DNA unwinding by measuring the decreased band intensities of 169 5′-[g-32 P]-labeled dsDNA substrates at different temperatures. The wild-type RecBCD Ps unwound 170 the DNA at the rate of 35.1 ± 1.6 bp/sec at 22°C when ATP and Mg ++ ratio was 5:2 (limiting 171 magnesium condition) ( Table 2 ). However, the enzyme could unwind the DNA even much faster, 172 when the ATP and Mg ++ ratio was changed to 2:6 (excess magnesium condition). Under the latter 173 condition, wild-type RecBCD Ps enzyme unwound (also degraded) the DNA at the rate of 101.5 ± 174 3.3 bp/sec (Table 2) . Notably, under the limiting magnesium reaction condition at low temperature 175 (4°C), the RecBCD enzyme failed to produce detectable unwound DNA products (Fig. 4A ).
176
However, under excess magnesium conditions, RecBCD enzyme could unwind and degrade the 177 DNA at the rate of 55.8 ± 6.9 bp/s ( Table 2, Fig. 4B ), which is about 54% of the activity observed 178 at 22°C. The apparent unwinding rates obtained under excess magnesium conditions, based on 179 the disappearance of 32 P-end-labeled DNA substrate could be an over-estimation. It is possible 180 that some enzyme molecules could just nucleolytically remove the end-labeled nucleotide, but 181 couldn't fully unwind the dsDNA substrate.
182
DNA unwinding and nuclease activities of mutant RecB K28Q CD, RecBCD K229Q , and 183 RecB D1118A CD enzymes 184 We have shown that P. syringae cells carrying recB K28Q CD or recBCD K229Q mutants are 185 sensitive to cold temperature, UV irradiation and Mitomycin C (MMC) (14). These two mutant 186 enzymes also display very weak ATPase activity. To understand the impact of these mutations 187 on the DNA unwinding and degradation properties of RecBCD complex, we analyzed RecB K28Q CD 188 and RecBCD K229Q enzymes in vitro at 22°C and 4°C. At 22°C, under limiting and excess 189 magnesium conditions, RecB K28Q CD with the ATPase-defective RecB subunit displayed weak 190 helicase activity (Fig. 5A ). The rate of DNA unwinding was 1.5 ± 0.7 bp/sec and 12.9 ± 3.4 bp/sec at 22°C, under limiting and excess magnesium conditions respectively ( Fig.5A and Table 2) . At 192 4°C, on the other hand, RecB K28Q CD showed no detectable DNA unwinding activity under the 193 excess magnesium condition ( Fig. 5A and Table 2 ). These results suggest that RecB K28Q Table 2 ). The combined DNA unwinding and degradation activity of the RecBCD K229Q 202 enzyme (under excess magnesium) were ~90% and ~30% of the wild-type RecBCD Ps activity at 203 22°C and 4°C respectively. Interestingly, the mutant RecBCD K229Q enzyme failed to produce 204 discrete DNA fragments ( Fig. 5B ).
205
We also tested DNA unwinding and degradation by the nuclease defective RecB D1118A CD 206 enzyme. (Fig. 5C ). The mutation in the nuclease catalytic site of RecB subunit (RecB D1118A CD) 207 led to a complete loss of in vivo nuclease activity in RecBCD Ps complex, without affecting the 208 recombination proficiency and cold adaptation of bacteria (14, 15) . At 22 o C, under limiting 209 magnesium reaction condition, RecB D1118A CD enzyme produced single-stranded pBR322 DNA at 210 the rate 30.4 ± 1.7 bp/sec, which is 85% of the rate observed with the wild-type enzyme. Under 211 excess magnesium condition, the rate of DNA unwinding increased to 109.7 ± 17.5 bp/sec, which 212 is similar to wild-type. At 4°C, this enzyme could unwind the pBR322 DNA at the rate of 41.0 ± 213 8.1 bp/sec, which is about 75% of wild-type enzyme ( Table 2) . More importantly, under both 214 limiting and excess magnesium conditions, this enzyme as expected, produced only the full-length RecB D1118A CD enzyme is nuclease deficient in vitro, but its DNA unwinding activity is comparable 217 to wild-type enzyme at both 22 and 4°C ( Fig. 5C and Table 2 ).
218
P. syringae RecBCD enzyme does not have endonuclease activity
219
The ATP-dependent endonuclease activity of wild-type RecBCD enzyme of P. syringae 220 was examined using a circular M13 ssDNA as substrate as previously described for RecBCD Ec (20) (21) (22) . We tested the endonuclease activity under three different conditions of ATP and 222 magnesium concentrations as described in Supplementary Fig S4. Under all the three conditions, 223 wild-type RecBCD and mutant proteins failed to degrade M13 phage ssDNA ( Fig S3) . It indicates 224 that unlike RecBCD Ec , the RecBCD Ps does not exhibit endonucleolytic activity under the 225 conditions tested.
221
226
A specific DNA sequence on pBR322 plasmid modulates nuclease activity of P. syringae
227
RecBCD.
228
We noticed that, under the excess magnesium reaction conditions, RecBCD Ps produced 229 a discrete DNA fragments shorter than the full-length unwound DNA substrate ( Fig 3B, Lanes 5-230 10), and the shortest DNA fragment showed a higher intensity than the other ones ( Fig 3B) . This
231
interesting observation led us to hypothesize that the P. syringae RecBCD enzyme recognizes a 232 specific DNA sequence. This specific DNA sequence could potentially be a Chi (c) like sequence; 233 which alters the nuclease activity of RecBCD Ps complex, allowing 3ʹ-ended ssDNA to escape from 234 DNA degradation as observed earlier (2, 8, 23, 24) . To further confirm that these DNA fragments 235 are indeed single-stranded, we performed degradation assays in the presence of Exonuclease-I 236 (ExoI), which specifically degrades ssDNA by its 3′®5′ exonuclease activity (25). The RecBCD Ps -237 generated short DNA fragments disappeared in the presence of ExoI ( Fig S4A) suggesting that 238 they are indeed ssDNA, similar to Chi-specific DNA fragments produced by E. coli RecBCD 239 enzyme after 23, 24, 26 
246
DNA sequence of pBR322 plasmid ( Fig S4B) . To locate putative Chi sequence of RecBCD Ps 247 enzyme, we amplified 3.6 kb segment of pBR322 using primer OROPI and OROPII
248
( Supplementary Table ST2 ), which excludes rop region of the plasmid (Fig. S5A ). Amplified 249 fragments were 5ʹ-labeled, and the assays were performed in the presence of excess magnesium.
250
Apparently, all the three shorter ssDNA fragments were also observed with the 3.6 kb DNA 251 substrate, indicating the presence of putative Chi sequence within 3.6 kb of the plasmid 252 ( Supplementary Fig. S5C ).
253
Chi dependent protection of pBR322 DNA fragments are strand specific 254 E. coli RecBCD enzyme recognizes Chi sequence in a specific orientation, 5ʹ-255 GCTGGTGG-3ʹ, when enzyme enters through 3′-end (28) and the 3ʹ-ended ssDNA is being 256 protected from RecBCD nuclease activity after Chi recognition (8, 29, 30) . Here, we examined 257 which strand of the linearized pBR322 is being protected to produce these discrete DNA bands 258 ( Fig. 3B ). Hence, we performed DNA degradation assay with RecBCD Ps , in which only one DNA 259 strand was labeled at a time. We individually labeled the OROPI and OROPII primers with g 32 P 260 at 5′-end and amplified the 3.6 kbp region of pBR322 plasmid with one unlabeled and another 261 32 P-labeled primer or with both labeled primers. In our assay, we always used sub-saturating 262 concentration of RecBCD Ps enzyme compared to DNA substrate, so that RecBCD Ps enzyme 263 enters through either one or the other end, but not through both the ends. DNA degradation 264 assays using these DNA substrates produced all the three bands when top strand (OROPII end) 265 was alone labeled, or when the both strands were end-labeled ( Fig. 6A ). We did not observe any 266 ssDNA band when the bottom strand (OROPI end) was labeled ( Fig. 6A ), suggesting that 267 RecBCD Ps recognizes a Chi-like sequence in a specific orientation and has a polarity for Chi 268 sequence recognition. These results also suggest that all the Chi-like sequences are on the top 269 strand.
270
We then performed DNA degradation assays using two other DNA substrates amplified 271 from the pBR322 plasmid. A PCR amplified 2.8 kbp DNA fragment (using OROPII and pBRS1R To identify the precise location of Chi Ps site in pBR322 DNA substrate, we generated 283 several internally deleted constructs of pBR322 plasmid by site-directed segment-deletion as 284 described in Materials and methods. The 3.6 kbp DNA region of pBR322 plasmid with deleted 285 region/s were PCR amplified using OROPI and OROPII primers. DNA degradation assays were 286 then performed with RecBCD Ps enzyme using the DNA fragments with internal deletion as 287 substrates ( Supplementary Fig. S7 ).
288
The localization of Chi Ps on the plasmid was first based on two hypotheses: the sequence 289 might be GC rich and should be located close to the right end of 2.5 kbp DNA fragment. From the 290 pBR322 nucleotide sequence analysis, it appeared that a GC-rich region spanning the region 291 between 273-450 nucleotides within tet R gene of pBR322 might contain the Chi Ps . Accordingly, 292 3.6 kbp DNA containing two deletions (∆273-381 and ∆400-450) were initially tested by the Chi-293 protection assays.
294
The 3.6 kbp DNA deleted for 273-381 region produced the Chi-specific high-intensity 295 fragment ( Supplementary Fig. S7 ), while 400-450 nucleotides deletion failed to produce it ( Fig. 
296
6B). This indicated that the Chi Ps sequence is located within 400-450 nucleotide region of the 297 pBR322 plasmid. The three additional deletions within the 400-450 region of the plasmid segment 298 were made; ∆401-419, ∆421-439, and ∆441-449 ( Fig. 6C, D) . DNA degradation assays with the 299 fragments in which these sequences were deleted revealed that Chi is located within the 421-439 300 nucleotides segment, as these deletions did not produce a protected prominent DNA fragment 301 ( Fig. 6C ). we further made two more deletion constructs (∆421-429 and ∆431-439) within the 421-302 439 nucleotides region, and tested for Chi-specific fragment production. Interestingly, deletion of 
308
The identification of putative Chi Ps sequence further prompted us to investigate the reason 309 for producing an apparent three distinct DNA fragments by RecBCD Ps enzyme (Fig. 3B ). We 310 speculated that pBR322 DNA substrate might have sequences that are similar but not identical 311 to Chi Ps sequence, and might act like Chi Ps sequence with weaker recognition property under the 312 in vitro assay conditions. The 9-mer (5′-GCTGGCGCC-3′) sequence appears only at one place 313 on the pBR322 substrate. Considering the E. coli Chi sequence is an octamer, we first looked in 314 to 5¢-GCTGGCGC -3¢ (first 8 nucleotides of the 9-mer from the 5¢-end), and 5′-CTGGCGCC-3¢
315
(eliminating first G of the 5¢-end) as possible Chi-like sequences. These two octamer sequences appear at a single location on the pBR322 substrate. However, among the 7-mer combinations 317 we looked into, the first 7 nucleotide sequence, 5¢-GCTGGGC -3¢, was located in three reasonable 318 positions on pBR322 substrate which could potentially produce discrete DNA bands as observed 319 in DNA degradation assays. Hence, we further focused on 5¢-GCTGGCGC -3¢ sequence as a 320 putative Chi Ps sequence. We found that the putative Chi Ps sequence (5¢-GCTGGCGC -3¢ ) is 321 located at 431-438 bp position of pBR322 and, the similar 7-mer sequences at three different 322 locations. The first one at 964-971 position (5′-GCTGGCGT-3′); the second one at 1493-1500 323 position (5′-GCTGGCGG-3′) and the third one at 2525-2532 position (5′-GCTGGCGT-3′) ( Fig S8) . 
333
To better define the Chi Ps sequence, we mutated the T to C at the 971 st position of pBR322, 334 which creates a sequence identical to the putative 8-mer Chi Ps sequence and performed the Chi-335 protection assay with RecBCD Ps enzyme. Interestingly, the intensity of the Chi-protected second 336 DNA fragment (after T to C mutation) appeared stronger, and the intensity was similar to the 337 prominent DNA band (Fig. 7A) , which establish the strong recognition of octamer sequence (5′-338 GCTGGCGC-3′) as Chi Ps .
339
Cloning of Chi Ps in pBKS plasmid and confirmation of ectopic Chi Ps activity
To further confirm that the octamer sequence (5′-GCTGGCGC-3′) is indeed the Chi 341 sequence in P. syringae and can function as an ectopic Chi Ps sequence, we cloned the 342 octanucleotide sequence into pBKS which is devoid of Chi Ps sequence (Table ST1) 
353
We have earlier shown that RecBCD protein complex is essential for cold adaptation in 354 Antarctic P. syringae . In this study, we have analyzed the biochemical properties 355 of the wild-type (RecBCD Ps ) and three mutant enzymes (RecB K28Q CD, RecBCD K229Q , and
356
RecB D1118A CD) to analyze the role of RecBCD during growth at low temperature. We also report 
377
The RecB K28Q CD enzyme is a poor helicase and with no detectable nuclease activity in 378 vitro even at 22°C. However, at 4°C, RecB K28Q CD enzyme failed to unwind and degrade the DNA 379 under both limiting and excess magnesium reaction conditions. Hence, low-temperature growth 380 sensitivity of the P. syringae recB K28Q CD mutant can be attributed to the lack of RecBCD 381 unwinding and/degradation activities at 4°C.
382
The RecBCD K229Q enzyme with defective RecD ATPase unwinds and degrades the 383 dsDNA, albeit at the reduced rate. The DNA unwinding/degradation rate of RecBCD K229Q mutant 384 enzyme is reduced to one-third of the wild-type enzyme at 4°C. Therefore, we propose that its 385 inability to support the DNA repair process and growth at low temperature is possibly due to its 386 decreased DNA unwinding/degradation activity, particularly at low temperature. Interestingly, the 387 RecBCD K229Q enzyme shows lack of discrete DNA fragments (putative Chi-specific fragments) 
396
The RecB D1118A CD enzyme is a processive helicase with no detectable nuclease activity 397 in vitro, at both 22°C and 4°C. Interestingly, P. syringae cells carrying recB D1118A allele are capable 398 of growing at low temperature, suggesting nuclease activity is not essential for its growth at low (14), and in the present study, we have biochemically identified the Chi Ps (5′-GCTGGCGC-3′) sequence; which is identical up to 5 bases from the 5′-428 end to the E. coli Chi (Chi Ec ) (5′-GCTGGTGG-3′) sequence. 7-mer (5′-GCTGGCG-3′) sequence, 429 with change in the last 8 th nucleotide, are partially recognized. The mutation of 7-mer sequence 430 to make a perfect 8-mer Chi Ps sequence enables it to be strongly recognized by RecBCD Ps .
431
Interestingly, appearance of three ssDNA fragments indicates that RecBCD Ps enzyme can 
555
Germany). The assay was performed as described earlier (41, 42) . Assays were carried out at 556 indicated temperatures in a reaction volume of 20 µl containing 25 mM Tris acetate (pH 7.5), 1 557 mM Mg acetate, 1 mM DTT, 100mM NdeI linearized pBR322-dsDNA and 200 µM ATP as a 558 substrate with 2 nM RecBCD and mutant enzymes. One µl of 100 times diluted 10 mCi ml -1 stock 559 of [g-32 P] ATP (specific activity 3000 Ci mmol -1 ) was used as a tracer in each reaction to measure 560 the rate of ATP hydrolysis. Following 0, 1, 2, 3, 5 10 minutes of reaction, 0.5 µl aliquots of the 561 samples were spotted on TLC plate, air-dried and were allowed to develop in a mobile phase 562 containing 0.5 M formic acid and 0.5 M lithium chloride for 15 minutes. The TLC plate was dried 563 and exposed to the Phosphor imaging plate for 4-6 hrs. The Imaging plates were scanned in a hrs. Agarose gels were dried, exposed to phosphor imaging plates and quantified using Phosphor 581 Imager (Fuji-3000). Further, data were analyzed using image gauge software.
582
The DNA unwinding rates of were measured by using the following formula 583 nM bp s -1 (nM helicase) -1 = slope X (C/ [100%]) X ts X (1/E)
584
Where C is the concentration of linear dsDNA substrate in base-pairs in nM (i.e., 5000 nM), ts is 585 the time in seconds, and E is the enzyme concentration in nM.
586
DNA degradation assay
587
The assays were performed as described above in DNA unwinding assay, except that the 588 reaction mixtures contained 6 mM magnesium acetate and 2 mM ATP.
589
Single-stranded DNA endonuclease assay
590
The endonuclease activity of RecBCD enzyme on ssDNA was examined using a circular 591 M13 ssDNA substrate as described previously (20, 22) . In brief, endonuclease activity was tested 592 in 3 different buffer conditions. The first reaction mixture contained 50 mM MOPS (pH=7.5), 1 mM 593 ATP, 10 mM MgCl2, 4.16 nM circular M13 ssDNA with 0.5 nM RecBCD. The second reaction excess magnesium conditions at 22 and 4°C. RecB D1118A CD enzyme is unable to degrade 683 DNA at both 22 and 4°C and notably, the DNA unwinding seems to be faster in excess- 
707
Apart from one 8-mer Chi Ps sequence at 431th position of pBR322, there are two 7-mer similar 708 sequences present in the plasmid pBR322. One such similar sequence at 964 th position (5′
709
GCTGGCGT 3′) was mutated to make it an 8-mer sequence (5′ GCTGGCGC 3′). This substrate 710 (pBR322 T971C ) that has two Chi sequences in the same orientation when used as a substrate, 
